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Abstract. A far-ultraviolet and extreme-ultraviolet
(FUV, EUV) spectral atlas of the Sun between 670 A and
1609 A in first order of diffraction has been derived from
observations obtained with the SUMER (Solar Ultravi-
olet Measurements of Emitted Radiation) spectrograph
on the spacecraft SOHO (Solar and Heliospheric Observa-
tory). The atlas contains spectra of the average quiet Sun,
a coronal hole and a sunspot on disk. Different physical
parameters prevalent in the bright network (BN) and in
the cell interior (CI) — contributing in a distinct manner
to the average quiet-Sun emission — have their imprint on
the BN/CI ratio, which is also shown for almost the en-
tire spectral range. With a few exceptions, all major lines
are given with their identifications and wavelengths. Lines
that appear in second order are superimposed on the first
order spectra. These lines are clearly marked in the at-
las. The spectra include emissions from atoms and ions in
the temperature range 6 10°> K to 2 10° K, i.e., continua
and emission lines emitted from the lower chromosphere
to the corona. This spectral atlas, with its broad wave-
length coverage, provides a rich source of new diagnostic
tools for studying the physical parameters in the chro-
mosphere, the transition region and the corona. In par-
ticular, the wavelength range below 1100 A as observed
by SUMER represents a significant improvement over the
spectra produced in the past. In view of the manifold ap-
pearance and temporal variation of the solar atmosphere it
is obvious that our atlas can only be a - hopefully typical -
snapshot. Brief descriptions of the data reduction and cal-
ibration procedures are given. The spectral radiances are
determined with a relative uncertainty of 0.15 to 0.30 (1o)
and the wavelength scale is accurate to typically 10 mA.
The atlas is also available in a machine readable form.

Key words: Sun: UV radiation, Sun: chromosphere, Sun:
transition region, Sun: corona, line: identification, atlases

Max-Planck-Institut fiir Aeronomie, 37191 Katlenburg-Lindau, Germany

Institute of Theoretical Astrophysics, University of Oslo, Blindern, N-0315 Oslo 3, Norway

ESA Space Science Department / NASA Goddard Space Flight Center, Greenbelt, Md. 20771, USA
E. O. Hulburt Center for Space Research, Naval Research Laboratory, Washington D.C., 20375, USA
Department of Applied Physics, Banaras Hindu University, Varanasi 221005, India

Institut d’Astrophysique Spatiale, Unité Mixte CNRS - Université de Paris XI, F-91405 Orsay, France

1. Introduction

The EUV portion of the electromagnetic spectrum ex-
tends from 100 A to 1000 A, whereas the wavelength
range from 1000 A to 2000 A is commonly referred to
as FUV portion in the literature. The solar spectrum in
these ranges contains not only a large number of bright
emission lines, mainly from the chromospheric and lower
transition region plasmas, i.e., formed at electron tem-
peratures T, < 2.5 10° K, but also many coronal lines
formed at temperatures of one million kelvin and above.
However, above 1216 A no allowed lines from the up-
per transition region have previously been observed. Only
a few forbidden lines that originate at coronal temper-
atures in plages had been reported in limb spectra (e.g.,
Brueckner 1981). In comparison, the solar spectrum in the
range from 660 A to 1200 A includes a large number of
lines from the upper transition region and corona, in addi-
tion to lines from the chromosphere and lower transition
region (Curdt et al. 1997).

In this paper we present a spectral atlas representa-
tive of various solar features observed with SUMER on
SOHO. SUMER is a high-resolution telescope and spec-
trograph designed to obtain stigmatic slit images with spa-
tial and spectral resolution elements of ~1" and ~40 mA
(in first order) as well as high temporal resolution over the
wavelength range from 465 A to 1610 A. The accessible
range depends on which of the detectors is used. While
detector 'A’ can in principle record spectra from 780 A
to 1610 A in first order of diffraction, the range of detec-
tor "B’ reaches from 660 A to 1500 A. The gradual lower
wavelength limit (for lines observed in second order) re-
sults from the steep fall-off of the reflectivity of the sili-
con carbide optics below 500 A. The Ne vir line at 465 A
represents the shortest wavelength identified so far with
this instrument. The range from 660 A to 805 A can be
covered in both orders. More than 1100 emission lines are
available in the SUMER spectral range. These include res-
onance lines as well as previously unobserved faint inter-
system lines, which can be detected by SUMER because
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of its more efficient low-noise detectors compared to pre-
vious instruments, as discussed by Feldman et al. (1997)
and Curdt et al. (1997). Thus, the SUMER spectral atlas
provides a rich source of new diagnostic tools for probing
essential physical properties of the emitting plasma and
studying electron densities, electron temperatures and el-
emental abundances throughout the solar atmosphere.

Earlier EUV/FUV high-resolution instruments made
use of UV-sensitive photographic plates (or film) as de-
tectors. Because of the fairly low efficiency of the pho-
tographic plates used, few (if any) spectra were obtained
from regions that extended more than 20" above the limb.
In comparison, SUMER has recorded line intensities ex-
tending out to 600" (Feldman et al. 1999). Off-limb fea-
tures are, however, excluded here and will be covered by
a separate communication.

Given the radiometric calibration of SUMER be-
fore and during the mission (Hollandt et al. 1996;
Wilhelm et al. 1997a; Schiihle et al. 1998, 2000), we are
able to present the absolute spectral radiances of differ-
ent solar features in the wavelength range from 660 A to
1485 A in first order of diffraction using the detector 'B’.
For the sake of completeness, we have added the spectral
range from 1485 A to 1609 A taken from a ’A’-detector
spectrum of the quiet Sun. The calibrated radiance spec-
tra have been compared to well-calibrated full disk irra-
diance measurements and reasonable agreement is found.
(Dammasch et al. 1999a). The absolute value of the radi-
ation in the EUV/FUV region is important for studying
not only the solar transition region and corona, but also
the atmosphere of the Earth. This radiation is an impor-
tant source of energy in the upper atmosphere of the Earth
and changes the temperature, chemistry and dynamics in
these layers.

In Sect. 1, a brief summary is given of the most im-
portant EUV/FUYV instruments and previously published
solar spectral catalogues and line lists. In Sect. 2 we de-
scribe the instrument and the observation, while Sect. 3
deals with data reduction and calibration. The actual at-
las is presented in Sect. 4. A list of all observed lines is
added as annex to this atlas.

2. Earlier Spectral Atlases

Space astronomy started in 1946 in the United States
when W. von Braun’s A4 rocket engines (during war
named V-2 missile) became available to scientists for
launching free-flying, high-altitude observatories. It
was not surprising, under these circumstances, that a
group from the US Naval Research Laboratory (NRL)
became the first to observe the ultraviolet radiation
of the Sun with a spectrograph mounted on the tail
fin of a A4 rocket. Since then much progress has been
made in solar high-resolution spectroscopy from space
(see Feldman et al. 1988). A large number of experi-
ments have been launched to observe the EUV and

FUV portions of the solar spectrum. High spectral and
spatial resolutions were achieved by several instruments
at wavelengths above 1150 A. At shorter wavelengths,
however, the spectral and spatial resolution were mod-
erate and only strong lines could be observed and/or
identified. Spectral catalogues and line lists covering
the FUV and EUV portions of the spectrum have
previously been published by Burton et al. (1967),
Burton & Ridgeley (1970)*, Dupree & Reeves (1971),
Gabriel et al. (1971)!,  Huber et al. (1973)},  Mali-
novsky & Heroux (1973), Kjeldseth-Moe et al.
(1976), Doschek et al. (1976)!, Feldman et al. (1976a,
1976b)!,  Vernazza & Reeves (1978),  Dere (1978)%,
Feldman & Doschek (1978), Cohen et al. (1978)!, Co-
hen (1981), Sandlin et al. (1986)", Brekke et al. (1991),
Feldman & Doschek (1991)!, Brekke (1993), Thomas &
Neupert (1994), Brooks et al. (1999).

In particular, two instruments made a significant
impact on solar spectroscopy: The NRL/S082B EUV
spectrograph on the Skylab ATM (Apollo Telescope
Mount) and the NRL/High Resolution Telescope and
Spectrograph (HRTS). The S082B instrument operated
in the 970 A to 3940 A range, but due to the coat-
ing (Al + MgF,) of the optical surfaces, the instrument
was very inefficient below 1100 A (Bartoe et al. 1977).
A spectral atlas covering the 1175 A to 1950 A wave-
length range based on the S082B spectrometer was
published by Cohen (1981). The 2" x 60" slit defined
the spatial resolution element. Line lists based on the
S082B data include those of Doschek et al. (1976), Feld-
man et al. (1976a, 1976b), Feldman & Doschek (1978),
and Cohen et al. (1978), the latter being the most com-
prehensive. A few very long exposures of bright solar fea-
tures resulted in useful spectra at wavelengths as short as
970 A. A line list compiled from these observations was
published by Feldman & Doschek (1991).

During the Skylab mission, several calibration rocket
(CALROC) flights were carried out as part of a pro-
gramme for calibration of the S082B spectrograph. A FUV
spectral atlas in the wavelength range from 1170 A to
2100 A was prepared by Kjeldseth-Moe et al. (1976). The
CALROC atlas contains the absolute intensity of an aver-
aged quiet region located 300" inside the solar limb. Dur-
ing the observations the slit was rastered across its linear
extension, thus averaging over an area of about 60" x 60"
on the solar disk. In addition the atlas contains a quiet
region 50" inside the solar limb while an active region is
presented for wavelengths above 1680 A. During these ob-
servations the full spatial resolution of the instrument was
used. The spectral resolution of the data is ~70 mA and
the radiance measurements have estimated relative uncer-
tainties of £25% (1 o) (Kjeldseth-Moe et al. 1976). This

! References contain line lists with line identification, line
strengths, etc., but no detailed spectral scans.
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atlas was used as a reference calibration source for other
FUYV spectra for many years.

HRTS, which operated at wavelengths longer than
1150 A, was the first spectrometer to combine both high
spectral resolution (50 mA) and good angular resolu-
tion (1) with extensive wavelength and spatial coverage
(Bartoe & Brueckner 1975). It was launched several times
on sounding rockets and was part of the 5 day Space-
lab 2 mission. Spectral catalogues based on the HRTS
material covering the wavelength range from 1190 A to
1710 A have been published by Brekke et al. (1991) and
Brekke (1993). These atlases represented different solar
features that intercepted the 950" long slit extending from
disk centre to the limb. The features included quiet Sun,
plages, a sunspot (including a lightbridge), and an ex-
plosive event. A very comprehensive line list based on
the HRTS material (and to some extent on the Skylab
data) was published by Sandlin et al. (1986). The HRTS
instrument has provided very important information on
the properties of the solar chromosphere and transition
region. Excellent reviews of some of the HRTS results
can be found in the book ”The Solar Transition Region”
(Mariska 1992), and in Cook & Brueckner (1979).

The LASP (Laboratory of Atmospheric and Space
Physics) EUV spectrometer has been flown on sounding
rockets (Hassler et al. 1991). This instrument has been
the only solar instrument with an onboard wavelength cal-
ibration lamp to provide an absolute wavelength reference
with high spectral resolution. During the first flight the
wavelength range was 1520 A to 1600 A (760 A to 800 A
in second order). During a later rocket flight on March
12, 1998 the spectrometer was tuned to cover the spectral
ranges from 1200 A to 1280 A in the first order and 600 A
to 640 A in the second order.

Before the SOHO mission, the wavelength region be-
tween 660 A and 1175 A remained poorly observed. Spec-
tra covering the 300 A to 2950 A wavelength range with a
spectral resolution of about 0.4 A were obtained during a
series of rocket flights in the late 1960s and early 1970s
by Burton et al. (1967), Burton & Ridgeley (1970), and
Gabriel et al. (1971). Due to low spectral resolution, line
shapes could not be obtained. However, many intense solar
lines were identified. Improved observations of the EUV
solar spectrum in the range from 280 A to 1340 A were ob-
tained with the Harvard College Observatory (HCO) spec-
troheliometer S055 on Skylab (Reeves et al. 1977) and
smaller instruments flown earlier on Orbiting Solar Ob-
servatories OSO-4 and OSO-6 (cf., Huber et al. 1973).

The S082A on Skylab was a slitless objective-type
grating spectrograph covering the wavelength range from
170 A to 630 A (Tousey et al. 1977). Each exposure in-
cluded numerous images of the entire solar disk with a
spatial resolution of 2" x 2. An atlas of EUV spectrohe-
liograms from 170 A to 625 A has been made available by
Feldman et al. (1987).

Spectral  catalogues at  shorter  wavelengths
are  those  of  Vernazza & Reeves (1978) and
Malinovsky & Heroux (1973). Based on  obser-
vations with the S055 spectrometer on Skylab,

Vernazza & Reeves (1978) presented a spectral atlas
of different solar features in the wavelength range from
280 A to 1350 A with a spectral resolution of 1.6 A.
Until now this atlas represented the most complete set
of quiet-Sun spectra in this wavelength range. But due
to poor spectral resolution of this spectrometer, many
lines reported in this atlas are incorrectly identified. More
recently an active region EUV atlas in the range from
230 A to 450 A was obtained with the SERTS (Solar EUV
Rocket Telescope and Spectrometer) rocket experiment
(Thomas & Neupert 1994). Emission lines of molecular
hydrogen, which are present in sunspot spectra, have
been measured and/or predicted by Bartoe et al. (1979).
Brooks et al. (1999) have presented a spectral line list
in the ranges 308 A to 381 A and 513 A to 633 A
based on measurements of the normal incidence channel
(NIS) of the SOHO/CDS instrument (Coronal Diagnostic
Spectrometer, Harrison et al. 1995). A calibrated solar
EUV spectrum in the same wavelength range has also
been presented by Brekke et al. (2000).

3. Instrumentation and Observations

SUMER is part of the SOHO mission of ESA and NASA.
SOHO was launched on December 2, 1995 by an Atlas
II-AS Centaur into a transfer trajectory to the first La-
grangian point, L1. It was injected into a halo orbit around
L1 on February 14, 1996 where, in continuous view of the
Sun, it accompanies the Earth at a sunward distance of
1.5 10% km. SOHO lost its attitude control on June 25,
1998, but was subsequently recovered later in 1998.

This section describes details of the instrument and
the data acquisition which are relevant for the interpre-
tation of the data. A comprehensive description of the
instrument is given by Wilhelm et al. (1995), and first re-
sults and inflight performance characteristics are given by
Wilhelm et al. (1997b) and Lemaire et al. (1997).

3.1. Instrument

SUMER is a stigmatic normal-incidence spectrograph op-
erating in the range from 465 A to 1610 A with optical
elements made of silicon carbide (SiC) and three normal-
incidence reflections. Only few lines below 500 A have so
far been observed with SUMER. The off-axis parabola
telescope mirror has a plate scale in the slit plane of
6.3 pm/arcsec. It can be moved to obtain disk and off-
limb spectra in the lower corona. Four slits with angular
dimensions of 4” x 300", 1" x 300", 1" x 120", and 0.3"
x 120" are available, the two short slits can be placed at
three different spatial positions with respect to the detec-
tor. We have used the 1”7 x 300" slit (slit #2) during the
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coronal-hole and quiet-Sun observations given in this at-
las. The sunspot was observed using the narrow 0.3"” X
120" slit (slit #7).

Two diffraction orders can be observed by SUMER;
first order lines and second order lines appear superim-
posed in the spectrum. A few lines could also be observed
in third order (Feldman et al. 1997). The dispersion of
the instrument is slightly wavelength dependent. For de-
tector 'B’, it varies from 44.7 mA /pixel (first order) and
22.3 mA /pixel (second order) at 660 A to 41.2 mA /pixel
and 20.6 mA /pixel at 1500 A.

The instrument is equipped with two photon-
counting detectors (A’ and ’B’) with image encod-
ing in cross-delay-line technique (XDL), for details see
Siegmund et al. (1994). Only one detector can be oper-
ated at a time. Each detector has 1024 spectral and 360
spatial pixels. The pixel size of approximately 26.5 pm
X 26.5 pm is defined by the analogue electronics. The
plate scale in the focal plane of the spectrometer is
~1 pixel/arcsec resulting in an effective focal length of
the instrument of 5.5 m. By centroiding, wavelength mea-
surements can be performed with a precision of 5 mA and
better if sufficient lines are available for this purpose (cf.,
Dammasch et al. 1999b). The central area of the detector
is coated with KBr (potassium bromide). This coating in-
creases the detection quantum efficiency (DQE) mainly in
the range from 900 A to 1500 A. Fig. 1 shows a detec-
tor readout as raw data in the spectral range from 746 A
to 791 A in the bottom panel. Observations of lines on
both sections of the photocathode can be used to discrim-
inate second order lines from first order lines, since the
photocathode responsitivity changes differently for lines
in different orders. Approximately 50 spectral pixels at
the extreme ends of the detectors are covered by a mesh
providing a 1:10 attentuation for H1 Lya observations.

During the radiometric laboratory calibration (Hol-
landt et al. 1996), the responsivity of SUMER was de-
termined for both detectors with a transfer standard light
source. In-flight calibration refinements indicate that this
calibration has been valid and stable until the SOHO ac-
cident in June 1998. The dark signal of the detectors is
extremely low, and for disk observation, scattered light
can be neglected. Both detectors show non-uniformity ef-
fects typical for micro-channel-plate (MCP) intensifiers.
These effects stem from the MCP structure, the inho-
mogeneity of the electric field, electronic non-linearities,
and individual pixel deficiencies. These effects, which are
very worrisome for the purpose of imaging, can be com-
pensated to some extent by flat-field and geometric cor-
rections. SUMER regularly generates a flat-field matrix,
which can be applied either on board or on the ground.

3.2. Data Acquisition

The standard observing sequence for the ”reference spec-
trum” consists of a series of full detector readouts at differ-

ent wavelengths. To cover the wavelength range of detector
"B’ from 670 A to 1500 A, a set of 61 spectral sections, each
offset by ~12.8 A (in first order), were obtained sequen-
tially. This offset was used to record the entire spectral
range on both the bare and the KBr-coated part of the
MCP, which allows us to discriminate second order lines
from first order lines. For this exercise, it was extremely
helpful that the range from 670 A to 750 A was recorded
in both orders on this detector. The spectral catalogues,
presented here, have been extracted from the KBr-coated
portion of the detector, except for the wavelength region
around a telemetry gap (see below) and around H1 Ly«
where only the bare part is available. Note that we have
to place this strong line on the attenuator section located
at the extreme pixel positions of the detector. Also, the
extreme sections of our spectral range can only be recor-
ded on the bare part of the detector. The sunspot spec-
trum was obtained using a modified observing sequence for
faster data acquisition, which was composed of 37 spectral
windows, displaced by larger increments of ~20.8 A each.

Whenever possible, the reference spectrum was pre-
ceded by a raster sequence where the spectrometer slit
moves perpendicular to the slit direction to map an area
of 120" width. This raster contains 157 slit positions with
a step size of 0.75"”. With an exposure time of 10 s at each
spatial position the complete raster scan takes 26 min.
Three spectral windows centred on selected emission lines
were extracted from the detector at each slit position.
Monochromatic images at different wavelengths can be
constructed from the raster sequence by summing up the
counts in the line profiles at each spatial location. Images
of the Extreme-Ultraviolet Imaging Telescope (EIT) on-
board SOHO (Delaboudiniére et al. 1995) were also taken
as context images and used to find the exact slit position
during the observation as well as to co-align the SUMER
observations with those obtained with other instruments.
After the raster sequence, the pointing returns to the tar-
get position at the centre of the raster image where the
reference spectrum is to be acquired. This solar position
is maintained if the solar-rotation tracker is activated.

About 300 SUMER reference spectra have been recor-
ded from different locations of the Sun so far. We have se-
lected the reference spectrum obtained on April 20, 1997
as a good choice for the quiet Sun, because neither erup-
tive phenomena are found in this data set nor telemetry
gaps deteriorate the data quality. From 1485 A onwards,
we have added quiet-Sun ’A’-detector spectra taken on
August 12, 1996 in order to present the entire SUMER
spectrum of the quiet Sun up to 1609 A.

The criteria for typical coronal-hole spectra provide
ground for debate. There seems to be a gradual scale of
the strengths of coronal holes. While our spectrum, recor-
ded near disk centre on October 12, 1996, is characterized
by a depression of approximately a factor of two through
the entire wavelength range, this difference is only found
at wavelengths below 1000 A in a polar coronal-hole spec-
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Fig. 1. The SUMER spectral window centred around the Ne viir 770 A line, with an exposure time of 300 s, obtained near disk
centre of the quiet Sun. The entire detector readout is shown in the lower panel as raw data and after flat-field correction and
geometrical distortion correction in the central panel. The spectral profile in the upper panel, integrated from spatial pixels 35

to 174, provides some line identifications. The changes in the

continuum counts at 758 A and 780 A, which are caused by the

different responsivity of the KBr photocathode compared to the bare MCP, are much more prominent at longer wavelengths.

trum (cf., Schiihle et al. 1999). This aspect is not yet un-
derstood and needs further investigation.

We have selected the sunspot spectrum obtained on
March 18, 1999 for our atlas, because this spot was one of
the largest observed by SUMER so far and also because
the slit seems to have been placed right through the cen-
tral umbral part. However, we lost a small portion of this
spectrum (2 A) during a telemetry gap. A spectroscopic
analysis of this spectrum has been published in more de-
tail by Curdt et al. (2000a). Context images showing the
position of the slit during data acquisition are presented

in Fig. 2. All observational parameters are summarized in
Table 1.

4. Data Reduction

The spectra presented here have been recorded with de-
tector "B’ and compressed during downlink. After decom-
pression, the data set has been flat-field corrected and the
geometric distortion of the detector has been removed. Fi-

nally, spectral pixels have been converted to wavelengths
and the intensity has been given in physical units. Stan-
dard procedures have been applied for the basic data pro-
cessing.

4.1. Correction for Flat-Field and Geometric Distortions

As mentioned in Sect. 3.1, the responsivity of the detector
is nonuniform on scales of about 20 pixels or less. Several
flat-field matrices have been acquired by long exposures
of three hours in the HI Lyman continuum at 880 A while
the spectrometer was defocussed. This provides a deep, al-
though not entirely uniform exposure which the SUMER
processor compares against a median-20 filtered array in
order to extract all non-uniformities smaller than 20 pix-
els. The small-scale variation amounts to as much as 50%.
This includes a pixel-to-pixel variation of approximately
20% in the spatial dimension caused by an analogue-to-
digital converter differential non-linearity.
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Fig. 2. Context images showing the position of the SUMER slit during data acquisition. The field of view is 937" x 320"
in all three cases. Top: The equatorial coronal hole seen as a dark structure in the Fexir/195 A channel (also seen in other
EIT channels, courtesy: EIT consortium). Centre: A quiet-Sun area near disk centre in the He11/304 A channel (courtesy EIT
consortium). Bottom: The leading sunspot of active region NOAA 8487 as seen on a H1 Ha filtergram (courtesy: Big Bear Solar

Observatory).

Table 1. Observational parameters of the data sets presented in this atlas. The pointing in  and y is given in seconds of arc
(SOHO co-ordinates) and refers to slit centre at the start of the observation, to. T' is the exposure time in seconds and d is the
total duration of the spectral scan in hours. np, gives the number of pixels which have been used for averaging along the slit.

The solar rotation tracking was active in all cases.

target detector date to d x y T Npa slit  rotcomp
uT h " " s pixel #

coronal hole B October 12, 1996 20:45 5:15 -66  -26 300 171 2 on

quiet Sun B April 20, 1997 00:03  5:09 0 0 300 300 2 on

sunspot B March 18, 1999 17:36  2:51 468 360 90 17 7 on

quiet Sun A August 12, 1996 01:13  2:07 0 0 113 115 4 on

The properties of the detector vary as a function of
the extracted charge as the detector is being ’scrubbed’
by the accumulated counts. Thus, the flat-field data need
to be updated quite frequently. In all cases, we selected
the latest flat-field image obtained before the considered
observation for this process.

The fringe fields in the detector MCP-anode gap lead
to a geometric distortion which makes the image of the
slit shorter at the centre of the detector compared to
areas closer to the edges. As a result, the spectral lines
are curved cf., Fig. 1. An artificial 'rectangular grid’ has
been produced using averaged stable solar spectral lines
and continuum data, from which the distortion has been
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parametrized. This correction is then applied to the data
in order to overcome this shortcoming. The SUMER stan-
dard ”destretching procedure” (Moran 1996), also con-
tains a compensation for the small inclination of the slit
image relative to the detector pixel direction, which is
caused by a residual alignment error between detector an-
ode and spectrometer grating.

Fig. 1 shows a full-detector image centred at ~769 A
before and after the corrections for flat-field and geomet-
ric distortions are made. As seen in the central panel, the
continuum features appear to be horizontal in the disper-
sion direction and the emission lines are straight to within
one spectral pixel after this correction.

4.2. Wavelength Calibration

Since there is no absolute wavelength reference available in
the spectrometer, a wavelength scale can only be derived
using solar chromospheric lines. The dispersion changes
as a function of wavelength, and so each exposure needs
an individual calibration. The wavelength calibration is
based on identifying the position of chromospheric lines on
the detector and the assumption of neglibible net Doppler
flows for these lines. In quiet regions atomic lines and
lines from singly ionized species are formed over a limited
range in temperature and other physical conditions, and
are known to show relatively small average absolute shifts
(e.g., Samain 1991). Also, the observed small velocity vari-
ations along the slit in these lines indicate that these lines
are very useful for establishing an absolute wavelength
scale.

The pixel-to-wavelength relation is achieved by a cor-
relation of the line centroids in the entire 43 A win-
dow with all known reference wavelengths in this window,
preferably emission lines from neutrals and singly ionized
species, which are fairly strong and unblended in the so-
lar spectrum and for which the absolute wavelengths are
known with high accuracy. Since the non-linear dispersion
is known very accurately from the optical design, this cor-
relation leads to a constant offset for each exposure. In
an iterative process, we inspected the preliminary wave-
length calibration of each individual exposure for inconsis-
tencies and deviations. This exercise has been very useful
in eliminating misidentifications or finding problems with
literature values for some of the reference lines.

The identification of reference lines is sometimes dif-
ficult due to the presence of many overlapping lines and
also due to the presence of prominent lines both in first
and second order in the SUMER, spectrum. Except for a
few close blends, the line centroids could be determined by
multi-Gauss fits with estimated uncertainties of the order
of 0.1 pixel (= 5 mA in first order). The accuracy of the
laboratory wavelengths of atomic lines is generally better
than 2 mA. Most of the laboratory wavelengths used for
the wavelength calibration were taken from Kelly (1987).

After the spectra have been calibrated, the wave-
lengths should be accurate to typically 10 mA or 2 to
5 km/s on a velocity scale which is relative to quiet-Sun
chromospheric layers. We do not claim this accuracy for
the sunspot spectra, where this value can easily reach
40 mA in cases where either the measured line or the ref-
erence lines or both are shifted by net Doppler flows. It is
also evident that the sunspot spectrum is more noisy, due
to an accumulative effect of the narrow slit, the shorter ex-
posure time, and the reduced number of averaged pixels,
which amounts to a factor of ~100 less counts.

In several cases our measured wavelength values, which
are reported in the annexed line list, suggest that the
literature values have to be revised, in particular, this
is the case for wavelengths of forbidden transitions in
highly-ionized species, which are difficult to measure in
the laboratory. Examples of more accurate measurements,
which are beyond the scope of this atlas, are reported by
Dammasch et al. (1999b) and Peter & Judge (1999).

4.3. Radiometric Calibration

The calibration of the spectral response of the SUMER
instrument is based on a comparison with a radiomet-
ric transfer standard source, which had been calibrated
against the Berlin Electron-Storage ring for SYnchrotron
radiation (BESSY I) as primary radiometric standard
(Hollandt et al. 1996). The transfer source provided 16
emission lines with known photon fluxes of rare gases in
the SUMER wavelength range. These have been used as
the basis for establishing the spectral responsitivity curves
of the instrument in first and second order for both detec-
tors.

Based on the experience with previous solar UV mis-
sions the stability of the calibration was a major concern.
The combined effects of molecular organic contamination
and solar irradiation was known to cause degradation of
the optical performance in space. Therefore, a comprehen-
sive cleanliness control programme was made part of the
SUMER project, which successfully avoided this type of
contamination. This could be verified by monitoring the
sensitivity during the mission (Schiihle et al. 1998). The
responsivity of the instrument has been monitored from
the moment when first light was received on the telescope.
The count rates for well known solar lines at quiet solar
conditions were measured and found to be the same as
predicted by the calibration made on the ground. During
the entire mission, calibration measurements have been
carried out at regular time intervals to track the respon-
sivity of the instrument. The radiance at selected wave-
lengths of a quiet-Sun area was monitored to detect pos-
sible changes in the response. Despite the high variabil-
ity of the Sun as a source, these measurements confirmed
the stability of the calibration within uncertainty limits
of £ 15 % (1 o) for detector A’ (Wilhelm et al. 1997a)
and + 20 % for detector 'B’, in the range from 537 A
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to 1250 A (Schiihle et al. 2000). In addition, the spectral
calibration curves could be refined during flight by mea-
suring solar line ratios and by observation of standard UV
stars (Wilhelm et al. 1997a).

Thus we believe that in the wavelength range from
537 A t0 1250 A the radiometric calibration has been valid
until June 1998, the time when the loss of the SOHO
attitude control occurred. Our spectrum of the sunspot
was taken after recovery of the spacecraft when a change
of sensitivity of the SUMER instrument was discovered.
Data after the recovery are treated with a correction fac-
tor of 43 % to account for the average loss of sensitivity
attributable to the loss of SOHO. The uncertainty in the
determination of this change affects also the overall uncer-
tainty of the radiometric calibration after recovery which
we estimate to 30 %. At wavelengths longer than 1250 A
the uncertainties are 30 % before and 40 % after the SOHO
recovery.

However, some corrections are necessary for bright
lines. The count-rate capabilities of the detectors are
slightly exceeded if bright lines are placed onto the KBr
part of the photocathode, leading to a local-gain depres-
sion of the detector channel plates and dead-time effects
of the electronics (Wilhelm et al. 2000). As a result the in-
tensities of the lines affected (C 111 977 A,H1LyB 1026 A,
Ovi 1032 A, Ov1 1037 A, H1 Lya 1216 A, O1 1302-
1306 A, C11 1335/1336 A) are underestimated in the raw
data. The corrections, which amount to as much as 30%
for the C 111 line and about 17% for the O vi, H1, O1, and
C1I lines have been applied in our atlas. The given inten-
sity of the HI Ly 1216 A line is only an approximation,
since this bright line could only be observed with the at-
tenuator. Since the brightness of structures observed on
the Sun may have changed while the spectral range was
covered, the intensities of lines may become less compara-
ble with increasing difference in wavelength.

In the sunspot spectrum, the photon rate of some emis-
sion lines heavily exceeded the detector capabilities. Then,
in addition to dead-time losses, some pulses are registered
at a displaced position and appear in both dimensions
as ghosts in an image. These electronic ghosts have been
eliminated and appear as gaps in our spectrum. This cor-
rection was needed for H1 Lyy 973 A, C11 977 A, Ovi
1032 A, Ovi 1037 A, Hi Lya 1216 A, Ov 1218 A & Mgx
1219 A/2, Nv 1238 A, and Nv 1242 A.

To confirm the consistency of the radiometric results
further, we compared our calibration and checked it with
other solar spectral instruments which measure the irra-
diance from the full solar disk. In using the spectral ra-
diance of this atlas for a comparison with irradiance data
from the full Sun, one has to take into account contri-
butions from different features on the disk, such as ac-
tive regions and coronal holes, and center-to-limb varia-
tion (limb brightening), which are not resolved in full-disk
measurements. Full-disk irradiances have been reported
for a number of selected emission lines for which full-Sun

raster scans have been made with the SUMER instrument
(Wilhelm et al. 1998). From these measurements the ef-
fects of active regions, coronal hole deficiencies, and de-
tailed center-to-limb radiance variations have been deter-
mined. Most lines of the solar transition region are from
optically thin plasmas and show substantial limb bright-
ening, which leads to an average radiance of the solar
disk of approximately twice the radiance at disk centre.
Therefore, the irradiance from the full Sun will be higher
than from the disk centre for most of the lines in this
spectral range. Work has been done to compare the ir-
radiances of the quiet Sun measured with SUMER with
previous results in the literature, and whenever a compar-
ison could be made we found agreement within the un-
certainty margins (Dammasch et al. 1999a). A compari-
son of the SUMER radiance spectrum has also been made
with the irradiance spectrum of the Solar-Stellar Irradi-
ance Comparison Experiment (SOLSTICE) on the Upper
Atmospheric Research Satellite (above 1150 A) and the
EUV Grating Spectrograph (EGS) (below 1190 A), which
was flown on sounding rockets (Woods et al. 1998a). The
latter two instruments have been calibrated against the
Synchrotron Ultraviolet Radiation Facility (SURF) of
the US National Institute of Standards and Technology
(NIST) as primary radiometric standard. The compar-
ison between the SOLSTICE/EGS irradiance spectrum
and the SUMER quiet-Sun radiance spectrum was made
between 800 A and 1600 A at a spectral resolution of 3 A
(Schiihle et al. 1998). For most parts of the spectrum the
agreement was found to be very good, except where we
have dominating second-order lines in the SUMER spec-
trum and a spectral region around 950 A, which could
be attributed to an instrumental effect (Woods 1998b).
A detailed comparison between SOLSTICE and SUMER
in the range from 1200 A to 1560 A was given by
Wilhelm et al. (1999). The comparison of stellar FUV
spectra with the spatially resolved spectra of the Sun is
also of great interest. Fig. 3 compares the average quiet-
Sun radiance spectrum in the range from 1287 A to 1307 A
to the irradiance spectrum of the solar twin G2 V star
a Cen A (for details, cf., Ayres 2000) as measured by
the Hubble Space Telescope Imaging Spectrograph (HST-
STIS). Both spectra are very similar, except for second
order lines, which are not present in STIS spectra. Faint
lines can be easier seen in the SUMER spectrum, which
has a better photon statistic. The STIS spectrum with its
better spectral resolution is very useful for studying line
blends and line reversals due to optical thickness effects. A
more detailed analysis and a radiometric comparison are
beyond the scope of this atlas.

5. Description of the Atlas

The spectra presented in this atlas are composites of in-
dividual exposures, most of them on the Kbr photocath-
ode. The separation wavelengths are indicated by broken
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Fig. 3. Comparison of the FUV irradiance spectrum of a-Cen A and of the quiet Sun radiance spectrum at disk centre in
the range from 1270 A to 1310 A. The stellar spectrum (courtesy: HST-STIS consortium) has been degraded to the SUMER
resolution by a convolution with a Gaussian of standard deviation o=80 mA.

vertical lines at the bottom. Although we have used the
onboard solar rotation tracker for all spectra presented
here, there are clear indications of evolution in the net-
work structures observed. This has to be taken into ac-
count, if radiances of lines from different exposures are
compared. The variability of the solar atmosphere on all
temporal and spatial scales is amazing. These include
periodic phenomena (cf., e.g., Curdt & Heinzel 1998 and
references therein) and explosive phenomena (cf., e.g.,
Innes et al. 1997 and references therein). To give an exam-
ple, the emission measure of some lines increased by a fac-
tor of =5 during the sunspot observation as derived from
a comparison of lines recorded in both orders of diffraction
(i.e., at the beginning of the sequence and at the end of
the sequence).

The spectra are displayed as profiles in different
colours, the quiet-Sun spectrum as black line, the coronal-
hole spectrum as blue line, and the sunspot spectrum as
red line. In the sunspot profile the continuum background
has been moderately noise-filtered. The BN /CI ratio of the
quiet-Sun spectrum is overlayed as green, solid line using
a separate axis scale. In Fig. 4 the spectrum is presented
in portions of 42 A per page with 2 A of overlap. The
atlas is also available in machine readable form via ftp or

the internet?. This atlas represents our most up-to-date
knowledge of the solar-disk spectrum in the given spectral
range. Coronal and flare spectra have also been analyzed
(Curdt et al. 2000b; Feldman et al. 2000), but are not the
subject of this communication.

5.1. Line Identification

Each resolved emission line is indicated by a mark, the
measured wavelength in angstrom (A), and the identifica-
tion, if available. For the sake of a concise presentation,
the wavelength values are restricted to three digits, one
digit before and two rounded digits after the decimal point
(e.g., the Ne viI line observed at 770.423 A reads 0.42 in
first order and 0.85 in second order). The mark can be
used as a cross-reference to line lists available in the litera-
ture, where additional spectroscopic information is found.
Squares and circles point to line lists published on SUMER
observations, circles to Curdt et al. (1997) and squares
to Feldman et al. (1997), respectively. Diamonds point
to the older lists of Kelly (1987), Cohen et al. (1978),
Sandlin et al. (1986), and Bartoe et al. (1979). We have

2 Profiles and line list available via http://cdsweb.u-
strasbg.fr/Simbad.html or http://www.linmpi.de/ curds
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checked the line lists in this order and emphasize that
marks are not meant in a sense of ’first identification by’,
but, on the contrary, in general are pointing to the most
recent list. Triangles denote lines observed for the first
time or new identifications, these are mainly found in the
sunspot spectrum. Open marks represent lines which are
observed in second order of diffraction. Questionable iden-
tifications are marked by a question mark (7). Only 4%
of the lines in the quiet-Sun spectrum remain unidentified
at this stage, most of them being faint. This percentage
increases to 12%, if we also consider the sunspot spec-
trum, which seems to be dominated by 3- to 6-fold ionized
species and is more difficult to interpret. In these cases we
have given the temperature classification of Feldman et al.
(1997), if available (cf., Fig. 4). A list of all lines observed
in the SUMER spectral range is given electronically in the
Annex.

5.2. Bright Network/Cell Interior Ratio

In the quiet-Sun spectrum, the SUMER slit cuts five
partly sub-structured supergranular cells. We have sep-
arated 21 pixels representative of bright network and 71
pixels of cell interior, respectively. The BN/CI ratio, thus
derived from the same exposures, is >1 at all wavelengths.
It shows an interesting variation, depending on the par-
ticular emission line under consideration. This feature is
a direct consequence of the plasma temperature and den-
sity of the emitting source. For lines with high formation
temperature, the BN/CI ratios are not far from 1, while
they can reach values > 10 for transition region lines.

6. Summary

The spatially resolved solar EUV/FUV spectra studied
in this atlas, cover a wide spectral range from 670 A
to 1609 A and provide a wealth of information on solar
plasma structures from the upper chromosphere through
the transition region to the corona. This information has,
therefore, a tremendous diagnostic value for the emitting
source. Together with the high spatial resolution of the
SUMER spectrograph, compared to other solar EUV spec-
trometers flown during the last decades, plasma parame-
ters of small solar features can be investigated. The atlas
also provides an excellent reference for astrophysical appli-
cations. The SUMER spectrograph combines better spec-
tral and spatial resolutions as well as coverage than any
previous observations in the same wavelength range, and
permits the extensive use of spectroscopic techniques in
determining temperatures, pressures, densities and veloc-
ities in the upper solar atmosphere. The atlas also presents
a powerful tool for the planning of future observations, i.e.,
to determine adequate integration times, to identify pos-
sible blends, and to select proper data extraction windows
in upcoming solar studies.
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Fig. 4. The SUMER solar-disk spectral atlas includes profiles of the average quiet Sun (black), an equatorial coronal hole
(blue), and a sunspot (red). Resolved emission lines are indicated by a mark, the measured wavelength in angstrom (A), and the
identification, if available. The marks point to line lists available in the literature, where additional information about a specific
line can be found. Squares (O) point to Feldman et al. (1997), circles (o) to Curdt et al. (1997), diamonds (<) to Kelly (1987),
Cohen et al. (1978), or Sandlin et al. (1986). Triangles (A) are new lines or identifications. Filled symbols denote lines observed
in first order of diffraction, open symbols are second-order lines. Only the three least-significant digits of the wavelength values
are given. If available, unidentified lines are characterized by the temperature classification of Feldman et al. (1997) (a: T. <
310% b:T. ~310% c: T. ~410% d: 6 10° < T. < 910%; e: T & 1.4 10%; f: T. =~ 1.8 10°. The profiles have been radiometrically
calibrated assuming first order of diffraction and the radiance axis is scaled to mW sr=' m™2 A~!. We have taken care of the
type of photocathode (bare or KBr) when applying the radiometric calibration to different sections of the spectrum. For lines
observed in second order, the right vertical axis is applicable. Note, that the sensitivity ratio between both orders, which is
wavelength dependent, has been chosen for (and is only correct for) the central wavelength. Also note, that second order lines
are always superimposed on a first order background. We also display in green the BN/CI ratio, which is a useful parameter for
electron temperature classification.

Appendix A: 2

Table Al. Line List - List of spectral lines in the wave-
length range from 668 A to 1611 A identified in SUMER
spectra of the average quiet Sun (QS), a coronal hole (CH)
and a sunspot on disk (SS). Spectral lines observed in sec-
ond order of diffraction which are also given here, extend
the lower wavelength limit to below 500 A. For each entry
we give the observed wavelengths in angstrgm, the iden-
tification, the transition, the peak of spectral radiance,
Lrek in mW (sr m? A)~! (incl. background), and a cross-
reference to other line lists available in the literature (cf.,
Sect. 5.1). For second-order lines radiance entries are gen-
erally not provided, since the background separation in
both orders of diffraction is a non-trivial task, which can
not be automated. Only a few radiance values of strong
second-order lines with negligible first-order contribution
are given, which are marked by an asterisk (*). This line
list complements Fig.4 of the SUMER, Spectral Atlas.

Aobs Line Transition Lrgs Lret LPEF Ref.
A mW (sr m? A)~!

2 Available via http://cdsweb.u-strasbg.fr/Simbad.html or
ftp://to.be.inserted.later



